The photoproduction of η ′ -mesons off different nuclei has been measured with the CBELSA/TAPS detector system for incident photon energies between 1500 -2200 MeV. The transparency ratio has been deduced and compared to theoretical calculations describing the propagation of η ′ -mesons in nuclei. The comparison indicates a width of the η ′ -meson of the order of Γ = 15 − 25 MeV at ρ = ρ 0 for an average momentum p η ′ = 1050 MeV/c, at which the η ′ -meson is produced in the nuclear rest frame. The inelastic η ′ N cross section is estimated to be 3 -10 mb. Parameterizing the photoproduction cross section of η ′ -mesons by σ(A) = σ 0 A α , a value of α = 0.84 ± 0.03 has been deduced.
I. INTRODUCTION
The η ′ -meson has interesting properties concerning the underlying QCD dynamics of hadrons which are related to the U A (1) axial vector anomaly [1] [2] [3] [4] . Being close to a singlet of SU(3), its interaction with nucleons is supposed to be weak compared for instance with the case of its partner the η.
The η ′ N scattering length has been estimated from the study of the pp → ppη ′ cross section near threshold at COSY [5, 6] . A refined analysis of this reaction, comparing the cross section with that of the pp → ppπ 0 reaction, concluded that the scattering length should be of the order of magnitude of that of the πN interaction and hence |a η ′ N | ∼ 0.1 fm [6] . This indicates a rather weak η ′ N interaction. In [7] it was interpreted as a consequence of the particular dynamics of the singlet of mesons together with a small admixture of the η ′ with the octet. This is related to the mixing angle of u,d and strange quarks in the η and η ′ [8] [9] [10] [11] [12] [13] , indicating that the η ′ N amplitude is sensitive to this mixing angle.
Another experimental approach to learn more about the η ′ N interaction is the study of η ′ photoproduction off nuclei which provides information on in-medium properties of the η ′ -meson. The in-medium width of the η ′ -meson can be extracted from the attenuation of the η ′ -meson flux deduced from a measurement of the transparency ratio for a number of nuclei. Unless when removed by inelastic channels the η ′ -meson will decay outside of the nucleus because of its long lifetime and thus its in-medium mass is not accessible experimentally. Recently, however, indirect evidence has been claimed for a dropping η ′ mass in the hot and dense matter formed in ultrarelativistic heavy-ion collisions at RHIC energies [14] . The in-medium width provides information on the strength of the η ′ N interaction and it will be instructive to compare this result with in-medium widths obtained for other mesons (see section C). Furthermore, knowledge of the η ′ in-medium width is important for the feasibility of observing η ′ -nucleus bound systems, theoretically predicted in some models [15, 16] .
II. TRANSPARENCY RATIO IN η ′ PHOTOPRODUCTION

A. Formalism
It was shown in [17] that by comparing photoproduction cross sections on different nuclei one could extract the widths in nuclear matter of the produced particles. The relevant magnitude in this comparison is the transparency ratio, or ratio of production cross sections per nucleon in different nuclei with respect to the elementary cross section on the nucleon. The photoproduction cross section A(γ, η ′ )A ′ in nuclei is not proportional to A for different nuclei, and the deviation from the A scaling can be related to the width of the produced particle in the nucleus. The formalism is straightforward [17] [18] [19] and one does not need a particular model for the elementary production process. For the case of photoproduction, we only need to use the fact that the photon probability to produce a primary η ′ in a volume d 3 r is proportional to the number of nucleons in this volume, ρ(r)d 3 r. The number of η ′ -mesons that survives without absorption and leaves the nucleus is proportional to the survival probability
where Π η ′ is the selfenergy of the η ′ in the nucleus, r the production point and k η ′ the η ′ momentum in the lab frame, the direction of which is determined according to the experimental differential cross sections at the corresponding incoming photon energy [20] . Hence, the cross section for quasifree photoproduction of η ′ -mesons in the nucleus is given by
and the transparency ratio for a given nucleus is given bỹ
Here, the production cross section per nucleon within a nucleus is compared to the production cross section on a free nucleon which is a measure for the absorption of the η ′ within the nucleus. A is hereby the effective number of participant nucleons reached by the photon beam which decreases due to photon shadowing relative to the total number of available nucleons with incident photon energy and target size. As shown in [21] , at the average photon energies of our experiment the shadowing of the photons results in an effective number of participant nucleons per nucleon of 0.88 for C and 0.84 for Pb. There is a difference of 5 % from C to Pb. This means that in the transparency ratio of eq. (4), 5 % of the decrease of this ratio from C to Pb is due to the shadowing of the photons in the initial photon propagation and not to the absorption of the η ′ in the final state interaction with the nucleus. To correct for this we increase the measured ratio of eq. (4) by 5% for Pb and correspondingly by 2 % for Ni and 1% for Ca, taking C as reference.
Furthermore, Eqs. (1) and (2) rely upon a single step process for η ′ production, i.e. the elementary reaction γp → η ′ p. We shall provide experimental support later on for the smallness of the two step mechanisms, but a justification can also be found theoretically by the fact that the usual steps: γN → πN, followed by πN− > η ′ N are practically negligible, given the abnormally small πN → η ′ N cross section of the order of 0.1mb [22] . Furthermore, as shown in Ref. [18] , there is an additional reduction of the effects of the multistep processes if one considers the transparency ratio relative to that of a medium-light nucleus. We thus take 12 C as the nucleus of reference and will evaluate the ratio
It is clear that a measurement of the transparency ratio, in the form of Eq.(3) or expressed as a fraction of the 12 C transparency ratio as in Eq.(4), provides information on the η ′ selfenergy in a medium or, alternatively, its width:
where E η ′ is the η ′ energy in the lab frame. The low-density theorem, which can be applied because the η ′ N amplitude is rather small,
allows us to write
where ρ 0 can be taken as normal nuclear matter density, ρ 0 = 0.17 fm −3 . Using the local density approximation, which was shown to be exact for an s-wave amplitude in [23] , one may substitute the density of an infinite medium, ρ, by the actual density profile, ρ(r), of the nucleus, which we take from experiment [24] . In this way we obtain, via Eqs. (2) . By comparing with experiment, one may then obtain information on the η ′ N scattering amplitude as seen from Eq.(6). However, there is a caveat that we must take into account when analyzing the survival probability to obtain the quantity Im t η ′ N →η ′ N . Indeed, Im t η ′ N →η ′ N is related to the η ′ N cross section via the optical theorem, which in our normalization stands as
where p η ′ c.m. is the η ′ momentum and s the square of the total energy in the η ′ N c.m. frame. Note that σ tot contains the contribution of the reaction channels, where the η ′ disappears, as well as the integrated elastic cross section of η ′ N → η ′ N. In the process, once the η ′ is produced in the first step, it will later collide with other nucleons. If the η ′ undergoes an inelastic process the η ′ will disappear from the flux and will be eliminated by means of the survival probability factor. Yet, if the η ′ undergoes an elastic collision (quasielastic in the nucleus), then it will change momentum and direction but will still be there and can be detected experimentally. This means that in measurements of the transparency ratio one obtains information on the reaction cross section, not σ tot . In other words, one would not be determining the complete imaginary part of the t η ′ N →η ′ N amplitude but only the contribution coming from the inelastic channels. Note also that we are ignoring here the possibility of two or more nucleon induced absorption mechanisms. Thus, one should keep in mind that, while the in-medium width determined from transparency ratio data is a real measure of the absorption probability of the η ′ in the nucleus, its relationship to σ inel , the cross section for one-nucleon induced inelastic processes, is not straightforward. It is also usual to talk of an in-medium cross section [25, 26] , but this concept is not well suited for the case when part of the width comes from two or more nucleon induced η ′ absorption. Recent calculations based upon the work of [7] indicate that the η ′ two nucleon induced absorption is relatively small [16] . This allows us to determine an approximate η ′ N inelastic cross section by means of Eq.(6). However, there are also large uncertainties in the results of [16] and we shall take them into account to quantify the uncertainties in the determination of σ inel .
B. Experiment and data analysis
The experiment was performed at the electron stretcher accelerator in Bonn, using the combined Crystal Barrel(CB) and TAPS detectors which covered 99% of the full solid angle.
Tagged photons with energies of 0.9 -2.2 GeV, produced via bremsstrahlung at a rate of 8-10 MHz, impinged on a solid target. For the measurements, 12 C, 40 Ca, 93 Nb and 208 Pb targets were used with thicknesses of 20, 10, 1, and 0.6 mm, respectively, each corresponding roughly to about 8-10% of a radiation length. The data were collected during two running periods totaling 575 h. Events with η ′ candidates were selected with suitable multiplicity trigger conditions requiring at least two hits in TAPS or at least one hit in TAPS and two hits in the CB, derived from a fast cluster recognition encoder. A more detailed description of the detector setup and the running conditions can be found in [28, 29] .
The η ′ -mesons were identified via the η ′ → π 0 π 0 η → 6γ decay channel, which has a branching ratio of 8.1%. For the reconstruction of the η ′ -meson, only events with at least 6 or 7 neutral hits were selected. Because of the competing channel η → π 0 π 0 π 0 → 6γ with the same final state, this reaction was also reconstructed and the corresponding events were rejected from the further analysis. In addition, only events with one combination of the 6 photons to two photon pairs with mass 110 MeV/c 2 ≤ m γγ ≤ 160 MeV/c 2 close to the π 0 mass and one pair with mass 500 MeV/c 2 ≤ m γγ ≤600 MeV/c 2 close to the η mass were analyzed further.
The π 0 π 0 η invariant mass spectra for different targets and the incident photon energy range from 1500 -2200 MeV are shown in Fig. 1 . The spectra were fitted with a Gaussian and a background function
Alternatively, the signals were fitted by a function allowing for low mass tails as in [29] and the background shape was also fitted with a polynomial. Variations in the determined η ′ yields were of the order of 10-15 % and represent the systematic errors of the fitting procedures. For the cross section determination the acceptance for the detection of an η ′ -meson in the inclusive γA→ η ′ + X reaction was simulated as a function of its kinetic energy and emission angle in the laboratory frame, as described in [28] . Thereby a reaction-model independent acceptance corrections is obtained which is applied event-by event to the data. Particles were tracked through the experimental setup using GEANT3 with a full implementation of the detector system, as described in more detail in [30] . However, since only cross section ratios are presented, systematic errors in the acceptance determination tend to cancel. The photon flux through the target was determined by counting the photons reaching the γ intensity detector at the end of the setup in coincidence with electrons registered in the tagger system. As discussed in [31] , systematic errors introduced by the photon flux determination are estimated to be about 5-10 %. Systematic errors of ≈ 10% arise from uncertainties in the effective number of participating nucleons seen by the incident photons due to photon shadowing (see [21] ). The different sources of systematic errors are summarized in Table I . The total systematic errors in the determination of the transparency ratios and of quantities derived from them are of the order of 20%. 
C. Results and discussion
Cross sections were measured for the four targets and the resulting transparency ratios were normalized to carbon, according to Eq.(4). The transparency ratio as a function of the nuclear mass number A is shown in Fig.(2) for three different incident photon energy bins, namely: 1600-1800 MeV, 1800-2000 MeV and 2000-2200 MeV. These curves are calculated using eqs. (1) to (7) for different values of the in-medium width Γ η ′ (ρ 0 ) of the η ′ -meson in eq. (7), ranging from 10 MeV to 40 MeV. The magnitude of Γ at ρ 0 , the normal nuclear matter density, is used in what follows when we refer to the in-medium width.
Best agreement with the experimental data is obtained for an in-medium width of the η ′ -meson of 15-25 MeV. Assuming the low density approximation 
in the laboratory and taking the average η ′ recoil momentum of 1.05 GeV/c into account, an inelastic cross section of σ inel ≈ 6-10 mb is deduced.
This value is consistent with the result of a Glauber model analysis. Within this approximation an expression for the transparency ratio has been derived in [27] 
where λ = (ρ 0 σ η ′ N ) −1 is the mean free path of the η ′ -meson in a nucleus with density ρ 0 =0.17 fm −3 and radius R = r 0 A 1/3 with r 0 = 1.143 fm. Fitting this expression to the η ′ transparency ratio data shown in Fig. 3 an in-medium η ′ N inelastic cross section of σ η ′ N = (10.3±1.4) mb is obtained.
So far, in order to determine σ inel we have assumed that the η ′ absorption process is dominated by one-body absorption. In [16] two-body absorption mechanisms have also been evaluated; close to threshold results have been obtained in terms of the unknown η ′ N scattering length. Although the energies of the η ′ are on average higher in the present experiment, the results of [16] are used to estimate the uncertainties: if | a η ′ N | is of the order of 0.1 fm, the η ′ width at ρ 0 is of the order of 2 MeV, and only 6% of it is due to two body absorption mechanisms. Obtaining a width as large 20 MeV, as found here, would require values of | a η ′ N | of the order of 0.75 fm, in which case the contributions of the onebody and two-body absorption mechanisms turn out to be similar. We consider this to be a rather extreme situation, providing a boundary for the determination of σ inel . In this case the density dependence of the width would be given by Γ
2 ]/2. An explicit calculation using this density dependence gives rise to very similar curves for different values of Γ the width of 15-25 MeV obtained from the one-body absorption analysis indicates that η ′ absorption occurs in regions of full density (ρ ≃ ρ 0 ) where both one-and two-body mechanisms contribute equally with the density functional chosen. The presence of twobody η ′ absorption processes makes the η ′ inelastic cross section smaller than the value extracted assuming all η ′ absorption to be of one-body type. In the extreme case analyzed here, only half of the width comes from one-body absorption mechanisms and, consequently, the inelastic cross section gets reduced by a factor of two to the value σ inel = 3-5 mb. In summary, while for the width at ρ 0 we determine a range of about 15-25 MeV, the range of σ inel values gets enhanced to about 3 -10 mb to account for uncertainties arising from the unknown strength of two-body absorption processes.
The momentum distribution of the η ′ -mesons produced off a C-target is shown in Fig. 4 . The distribution peaks at about 1.1 GeV/c which is close to the average momentum of 1.05 GeV/c. The transparency ratio has also been determined for four bins in η ′ momentum to study the momentum dependence. After correcting for the momentum and target dependent η ′ acceptance, Fig. 5 (Left) exhibits only a weak variation of the transparency ratio with the η ′ momentum. Having determined the transparency ratio for different momentum bins also the in-medium inelastic cross section and the in-medium width can be derived as a function of the η ′ momentum, applying fits as in Fig. 3 for each momentum bin separately. Within the errors no strong variation with momentum is observed as shown in Fig. 5 (Right) .
This indicates that two-step processes do not seem to play an important role in the photoproduction of η ′ -mesons in the photon energy regime studied. This is an important observation because Eq. (9) can only be applied to extract an inelastic cross section if twostep processes can be neglected. Otherwise the measured transparency ratio would reflect a convolution of secondary production and absorption in nuclei. In two-step processes where e.g. a pion is produced in the initial step by the incoming photon and the η ′ -meson is then subsequently produced in a pion-induced reaction on another nucleon there is less energy [7] are shown by a blue (solid) curve.
available for the final state meson. This would shift the η ′ yield towards lower energies and lead to an enhancement of the transparency ratio at low η ′ momenta. Because of the near constancy of Γ one would expect (see Eq. (9)) a rise of σ inel towards lower η ′ momenta, as indicated by the data in the lower panel of Fig.5 (right) . An increase of σ inel for low η ′ momenta has in fact been predicted in [7] , rather independent of the η ′ scattering length. The theoretical predictions follow qualitatively the trend of the data and may even be compatible with the experimental results, allowing for the large systematic uncertainties in the determination of σ inel due to the unknown strength of two-body absorption processes, discussed above. In Fig. 6 the results for the η ′ -meson are compared to transparency ratio measurements [32] , η [28, 33] , η ′ and ω ( [34] , this work). This figure is an updated version of a figure taken from [28] .
for the η [28] and ω meson [34] . In this comparison it should be noted that -in contrast to the present work -the impact of photon shadowing on the transparency ratio had not been taken into account in earlier publications. The data are shown for the full kinetic energy range of recoiling mesons (open symbols) as well as for the fraction of high energy mesons (full symbols) selected by the constraint
Here, E γ is the incoming photon energy and T kin and m are the kinetic energy and the mass of the meson, respectively. As discussed in [28] , this cut suppresses meson production in secondary reactions. Fig. 6 (left) shows that within errors this cut does not change the experimentally observed transparency ratios for the ω-meson and η ′ -meson while there is a significant difference for the η meson. For the latter, secondary production processes appear to be more likely in the relevant photon energy range because of the larger available phase space due to its lower mass (547 MeV/c
2 ) compared to the ω (782 MeV/c 2 ) and
The spectral distribution of secondary pions, which falls off to higher energies, together with the cross sections for pion-induced reactions favor secondary production processes in case of the η-meson: 3 mb at p π ≈ 750 MeV/c in comparison to 2.5 mb at p π ≈ 1.3 GeV/c for the ω-meson and 0.1 mb at p π ≈ 1.5 GeV/c for the η ′ -meson, respectively [22] . In addition, η-mesons may be slowed down through rescattering with secondary nucleons, which can be enhanced by the S 11 (1535) excitation. According to Fig. 6 (left) the η ′ -meson shows a much weaker attenuation in normal nuclear matter than the ω and η-meson, which exhibit a similarly strong absorption after suppressing secondary production effects in case of the η-meson.
An equivalent representation of the data can be given by parameterizing the observed meson production cross sections by σ(A) = σ 0 A α(T ) where σ 0 is the photoproduction cross section on the free nucleon and α is a parameter depending on the meson and its kinetic energy. The value of α ≈ 1 implies no absorption while α ≈ 2/3 indicates meson emission only from the nuclear surface and thus implies strong absorption. All results are summarized in Fig. 6 (right) and additionally compared to data for pions [32] . For low-energy pions, α ≈ 1.0 because of a compensation of the repulsive s-wave interaction by the attractive p-wave πN interaction. This value drops to ≈ 2/3 for the ∆ excitation range and slightly increases for higher kinetic energies. After suppressing secondary production processes by the cut (Eq. (12)) the α parameter for the η-meson is close to 2/3 for all kinetic energies, indicating strong absorption [28] . For the ω-meson the α values are also close to 2/3. The weaker interaction of the η ′ -meson with nuclear matter is quantified by α = 0.84 ± 0.03 averaged over all kinetic energies.
III. CONCLUSIONS
The transparency ratios for η ′ -mesons measured for several nuclei deviate sufficiently from unity to allow an extraction of the η ′ width in the nuclear medium, and an approximate inelastic cross section for η ′ N at energies around √ s ≈ 2.0 GeV. We find Γ ≈ 15 − 25 MeV ·ρ/ρ 0 roughly, corresponding to an inelastic η ′ N cross section of σ inel ≈ 6-10 mb. If inelastic and two-body absorption processes were equally strong the inelastic cross section would be reduced to σ inel ≈ 3-5 mb. Despite of the uncertainties and approximations involved in the determination of σ inel , this is the first experimental measurement of this cross section. A comparison to photoproduction cross sections and transparency ratios measured for other mesons (π, η, ω) demonstrates the relatively weak interaction of the η ′ -meson with nuclear matter. Regarding the observability of η ′ mesic states the measured in-medium width of Γ ≈ 15 − 25 MeV at normal nuclear matter density would require a depth of about 50 MeV or more for the real part of the η ′ -nucleus optical potential.
